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T wo dimensional (2D) inorganic nanomembranes have lateral dimension at least two orders of magnitude larger than the thickness 1, 2 , and can well combine the merits of the 0D and 1D counterparts 3 . With the unique mechanical feature, the 2D nanomembranes can be distorted, wrinkled and folded into 3D configurations, such as rolled-up, wavy and helical structures [2] [3] [4] [5] . The mechanical feature is rather attractive and particularly expected to buffer the strain of lithiation/delithiation for the applications in lithium-ion batteries (LIBs) 6, 7 . The special electronic structure on the surface also makes the nanomembranes quite suitable for applications in electronic and energy devices 2, 8 . The nanomembranes can provide two dimensional transport pathways in between the layers, which can promote the pseudo-capacitive type storage of the electrode 9 . Rechargeable LIBs have now become the dominant energy storage devices in portable electronics and also show great potential in hybrid electric vehicles [10] [11] [12] [13] . To meet the increasing demands for high performance batteries, electrode materials with high energy and power density, long cycling life, low cost and safety are highly required. Possessing advantages of high theoretical capacity (,1005 mAh g 21 ), good stability, low cost, abundance in nature, and environmental benignity 14 , Fe 2 O 3 is therefore a promising conversion-type transition metal oxide anode material. Nanoarchitecture shows great potential in improving the battery performance as a result of the large interfacial contact at the electrode/electrolyte interface and the nanosized diffusion paths for Li . Various Fe 2 O 3 nanostructures such as nanorods 17 , nanotubes 18 , microboxes 19 , multi-shelled hollow microspheres 20 , hierarchical hollow spheres 21 , as well as the composites with C-based material [22] [23] [24] , have been designed to obtain high performance. However, the commercialization of Fe 2 O 3 anodes for LIBs is still limited by the unsatisfactory capacity retention with short cycling life due to the pulverization upon repeated volume expansion/ extraction. Therefore, there are still great challenges to achieve long cycling life for thousands of cycles and high rate capability with satisfactory reversible capacity for high power applications.
In this contribution, with Fe 2 O 3 as a proof-of-concept, free-standing nanomembranes are designed to investigate the effect of nanomembrane structure on the electrochemical performance for LIBs. The Fe 2 O 3 nanomembrane electrodes exhibit very encouraging results with ultra-long cycling life and high rate capability. 
Results
Material Characterization. The morphology of the samples was observed by scanning electron microscopy (SEM). The original Fe nanomembranes have a lateral size of tens to hundreds of microns and are composed of numerous tiny nanoparticles ( Supplementary  Fig. S1 ). Some of the nanomembranes bend up induced by the builtin differential stress 2, 4 . The Fe nanomembranes were converted into Fe 2 O 3 nanomembranes by annealing oxidation in air. The obtained Fe 2 O 3 nanomembranes still well preserve the similar layer structure and the nanoparticles-stacked rough surface (Fig. 1a and 1b) . For the thickness measurements, focused ion beam (FIB) etching was performed with a single Fe 2 O 3 nanomembrane. The cross section image (inset of Fig. 1b) reveals the thickness of a Fe 2 O 3 nanomembrane to be about 103 , 165 nm.
The crystallographic structure and phase of the Fe 2 O 3 nanomembranes were analyzed by powder X-ray diffraction (XRD). As shown in Fig. 1c , most of the diffraction peaks are well indexed to rhombohedral hematite a-Fe 2 O 3 (JCPDS no. 33-0664) and the minor peak at 2h535.3u is attributed to tetragonal maghemite c-Fe 2 O 3 (JCPDS no. . The c-Fe 2 O 3 nanophase should originate from the passive film on the surface of Fe nanomembranes. The passive film is caused by the alkaline corrosion of hydroxyl ions and/or oxygen and has complicated composition including a series of iron oxides (Fe 3 O 4 or c-Fe 2 O 3 ) and/or oxyhydroxides (a, b, c-FeOOH) [25] [26] [27] . The Raman spectrum ( Supplementary Fig. S2a ) exhibits two A 1g modes at about 229 and 501 cm 21 , three E 1g symmetry modes at about 295, 415, and 615 cm 21 , and a 2E u mode at ,1320 cm 21 28 , which are the typical Raman modes of crystalline a-Fe 2 O 3 . However, the c-Fe 2 O 3 nanophase only exhibits a weak broad peak at ,1532 cm 21 29 , which may be because of the weak peak intensity of c-Fe 2 O 3 30 , or the phase transformation of partial c-Fe 2 O 3 into aFe 2 O 3 under laser radiation during Raman testing 31 . The surface composition and valence states of the nanomembranes were determined by X-ray photoelectron spectroscopy (XPS). The Fe 2p XPS spectrum ( Supplementary Fig. S2b) 32 . Only very weak 'ghost' peak can be seen in the Al 2p XPS spectrum region ( Supplementary Fig. S2c ), and it is hard to be assigned to Al 2p or noise signal. No signals of other species can be detected in the wide spectrum ( Supplementary Fig. S2d ), implying the high purity of the sample.
Transmission electron microscopy (TEM) analysis was performed to characterize the microstructure and composition of the Fe 2 O 3 nanomembranes. The rough structure of the nanomembrane can be seen from the different contrast of the TEM image in Fig. 1d , which is consistent with the SEM observation (Fig. 1b) . The initial five CV curves of the Fe 2 O 3 nanomembrane electrode are displayed in Fig. 2a . The first discharge process exhibits three peaks related to the different reaction stages. The minor peak at ,1.64 V (inset of Fig. 2a ) corresponds to the initial lithiation of Fe 2 O 3 to form Li x Fe 2 O 3 (Equation (1) and (2)) 33 . The minor shoulder peak at ,0.9 V (inset of Fig. 2a ), which is overlapped by the following sharp cathodic peak, is related to the phase change from hexagonal aLi x Fe 2 O 3 to cubic Li 2 Fe 2 O 3 with further Li uptake (Equation (3) 34 . The sharp cathodic peak at ,0.59 V is caused by the reduction of Fe(III) to Fe (Equation (4)), the formation of solid electrolyte interphase (SEI) layer, and the decomposition of the kinetically activated electrolyte by Fe nanoparticles to form polymeric gel-like film in the low-voltage 33, 35 . In the subsequent charging process, the two broad overlapped anodic peaks at ,1.61 and ,1.84 V are associated with the reversible multistep oxidation of Fe to FeO and then to Fe 2 O 3 36 . After the reduction reaction in the first discharge process, the crystallinity of the Fe 2 O 3 nanomembranes is destroyed and can't be regained during the subsequent charge process 36 , therefore, afterwards the Fe 2 O 3 electrode behaves electrochemically as amorphous Fe 2 O 3 . In the 2 nd cycle, the peak for the partial lithiation of Fe 2 O 3 to Li x Fe 2 O 3 (Equation (1)) shifts to ,1.18 V (disappears in the 5 th cycle) and the main cathodic peak for the reduction of Fe(III) to Fe shifts to ,0.95 V, which also agrees well with the profile of amorphous Fe 2 O 3 37 . The shoulder peak at ,0.84 V in the 2 nd cycle (shifts to ,0.60 V in the subsequent cycles) should arise from the further decomposition of electrolyte and formation of SEI layer at the low voltage. The absence of the above mentioned minor cathodic peak at ,0.9 V in the subsequent cycles confirms the irreversible phase change from hexagonal a-Li x Fe 2 O 3 to cubic Li 2 Fe 2 O 3 22 .
The representative discharge/charge voltage curves at the current density of 0.1 C (1 C 5 1005 mA g 21 ) in Fig. 2b agree well with the CV result. The first discharge process includes four regions corresponding to the different reaction stages. The minor slope at ,1.63 V (inset of Fig. 2b ) arises from the initial lithiation of Fe 2 O 3 nanomembranes to form Li x Fe 2 O 3 (Equation (1) and (2)), offering a capacity of ,24 mAh g 21 with the Li uptake of ,x50.14 in Li x Fe 2 O 3 . The minor slope at ,0.97 V (inset of Fig. 2b ) is ascribed to the phase transition from hexagonal a-Li x Fe 2 O 3 to cubic Li 2 Fe 2 O 3 upon further lithiation. The obvious broad plateau around 0.85 V is assigned to the reduction of Fe(III) to Fe. The slope after 0.8 V is related to the SEI layer formation and the decomposition of electrolyte to form polymeric gel-like film in the low-voltage 33 . The cycling performance of the Fe 2 O 3 nanomembrane electrode at 0.1 C is shown in Fig. 2c . The electrode delivers an initial discharge/ charge capacity of 1449/1014 mAh g 21 with the coulombic efficiency of 70%. After the slight decrease in the subsequent several cycles, the capacity increases gradually and keeps a stable cycling. The reversible capacity after 52 cycles is 1020 mAh g 21 (coulombic efficiency: 97%), which is still beyond the theoretical capacity of Fe 2 O 3 . The capacity after cycling beyond the theoretical capacity was also reported in the publication with much higher capacity of 1600 mAh g 21 at 1 C after 500 cycles on the amorphous Fe 2 O 3 film anode 37 . This can be interpreted by the interfacial storage at the interfaces of solid-electrolyte and solid-solid, including the surface storage via charge separation at the interface of Fe and Li 2 O nanograins 38, 39 , the storage of Li-contain- ing SEI layer 40 , and the pseudo-capacitive type storage of the reversibly formed polymeric gel-like film at low voltage 35 . A solid state NMR study proposes that the reversible reaction of LiOH (formed from the surface OH of metal oxide) with Li to form Li 2 O and LiH is also a source of the excess capacity 41 . As for the capacity increase after initial decrease, some reference addressed it as the activation process of the electrode materials, but the detailed mechanism is still not fully revealed. Figure 2b exhibits the representative discharge/charge voltage curves at 0.1 C. Except for the first cycle, the profile of the discharge/charge voltage curves of the subsequent cycles is similar and featured with shortened plateau and slightly increased plateau potential. However, from the 5 th to 40 th cycle, the capacity increase slightly in the low-voltage slope region (, 0.8 V) with a capacity increment of 120 mAh g 21 . The capacity increase at low voltage region (, 0.8 V) indicates the pseudo-capacitive type storage, especially from the polymeric gel-like film 35 . Figure 3a shows the cycling performance of the Fe 2 O 3 nanomembrane electrode at 2 C with the initial discharge/charge capacity of 1144/752 mAh g
21
. In the first 32 cycles, the capacity decays slowly because of the further formation of SEI layer. Then the electrode keeps a very long and stable cycling with a reversible capacity of 808 mAh g 21 (coulombic efficiency: 99.7%) after 1000 cycles. The corresponding representative discharge/charge voltage curves in Fig. 3b -e clearly reveal the capacity variation at the different stages of the long cycling. The capacity decreases in the reduction (quasi-) plateau region and increases in the low-voltage slope region (,0.8 V). The decreased contribution from the reduction/oxidation reaction of Fe(III)«Fe(0) to the capacity can be seen from the gradually weakened reduction (quasi-)plateaus (Fig. 3b-e) and the negatively-shifted cathodic peaks (Fig. 3f) . Upon further cycling, the thickened SEI layer hinders the diffusion of Li 1 into the inner part of the electrode material especially at fast discharge/charge rate. Under the difficult solid-state diffusion, the interfacial storage, especially the pseudo-capacitive type storage, will be obvious to maintain the capacity 9 . That's why the Fe 2 O 3 nanomembrane electrode can keep a long stable cycling with satisfactory capacity under the decreased contribution from the reduction/oxidation reaction.
The electrochemical impedance spectra (EIS) were measured to analyze the variation of impedance and diffusion in the Fe 2 O 3 nanomembrane electrode before and after cycling at 2 C. In the high frequency region (inset of Fig. 4a and 4b) , the semicircle diameter of the Nyquist plots after cycling at both the fixed potential of 3.0 V and open circuit potential (OCP) decreases greatly than that before cycling. The decreased semicircle diameter implies the reduced charge transfer resistance 17 . Upon cycling, because of the increased ohmic resistance such as active material resistance and SEI resistance 42 , the transition from the Warburg-type semi-infinite linear diffusion (45u fitting line) to quasi finite diffusion (fitting line approaching 90u) in the Nyquist plots at 3.0 V (Fig. 4a) is shifted to the lower frequency region, which reveals the decreased solid-state diffusion coefficient [43] [44] [45] . The Warburg coefficient, defined as the slope of the fitting line of the relationship between Z9 and v 21/2 within 10,1 Hz (Fig. 4c) 
46
, increases upon cycling, indicating the increased Warburg impedance. However, the slope of the 500 th cycle decreases slightly than that of the 200 th one, and the reason for this should be the cracking of the nanomembranes with new interfaces exposed for storage. In very low frequency region, the steeper slopes of the fitting Nyquist plots at OCP (Fig. 4b) after further cycling imply the more obvious pseudo-capacitive behavior of the electrode 35 . The real part of the capacitance C9(v), corresponding to the capacitance of the cell measured during constant current discharge, can be obtained from Equation (5) 47, 48 .
The capacitance C9(v) versus frequency obtained from EIS at both OCP and 3.0 V is shown in Fig. 4d . The OCP capacitance should mainly originate from the incompletely decomposed polymeric gellike film at fast charge rate 35 . Within 1.46 3 10 21 ,1.57 3 10 23 Hz, the increase of OCP capacitance shifts to higher frequency upon cycling, which agrees with the steeper tendency of the Nyquist plots at OCP. The OCP capacitance at 500 mHz is 132 mAh g 21 (calculated based on the total weight of the active material) after the 1 st cycle and increases to 264 mAh g 21 after 7 cycles, and then fluctuates slightly in the subsequent cycles, which however doesn't show a regular change. This fluctuation probably arises from the different decomposition degree of the polymeric gel-like film at different OCP after different cycles. The capacitance C9(v) of 3.0 V at 500 mHz increases with the cycle number increasing until 200 cycles, however, it is only 76 mAh g 21 after 200 cycles and much less than that of OCP. Since the low-potential (0.02 , 1.8 V) existent polymeric gellike film disappears after being fully charged to the fixed potential of 3.0 V 35 , the capacitance obtained at 3.0 V may be caused by the gradually thickened SEI layer as it increases with the cycle number increasing. The capacitance of the SEI layer may be one of the reasons for the capacity increase after the initial decrease. However, the capacitance of 3.0 V at 500 mHz doesn't always increase when the SEI layer becomes thicker, and too much thicker SEI layer will lead to the decreased capacitance. After 500 cycles, the capacitance of 3.0 V at 500 mHz is only 78 mAh g 21 which is close to that after 200 cycles, while it decreases slightly instead of increasing within 0.03 , 0.004 Hz.
The current density was increased to a high rate of 6 C to further investigate the cycling performance of the Fe 2 O 3 nanomembrane electrode. Figure 5a shows the ultra-long cycling performance at 6 C for 3000 cycles (the initial 100 cycles at 1 C) and the comparison with the theoretical capacity of graphite. The initial discharge/charge capacity at 1 C is 1232/803 mAh g 21 and the reversible capacity of the 100 th cycle at 1 C is 834 mAh g 21 (coulombic efficiency: 98.9%). When the current density increases to 6 C, the first discharge/charge capacity is 715/610 mAh g 21 . Then the electrode keeps an ultra-long and stable cycling at 6 C with reversible capacity of ,570 6 40 mAh g 21 (coulombic efficiency: 99.5% , 100%). The reversible capacity of 530 mAh g 21 after 3000 cycles is still much higher than the theoretical capacity of graphite. The gradually weakened reduction/oxidation (quasi-)plateaus (Supplementary Fig. S3a ) and cathodic/anodic peaks ( Supplementary Fig. S3b ) indicate the decreased capacity contribution from the reduction/oxidation reaction. At such a high rate of 6 C with more difficult diffusion inwards the electrode material, the pseudo-capacitance becomes more prominent and plays a particularly important role in the ultra-long cycling under the fast surface kinetics.
The rate capability of the Fe 2 O 3 nanomembrane electrode was examined by a stepwise current density discharge/charge program. As shown in Fig. 5b , two turns of rate capability measurements are collected at various current rates from 0.2 C to 50 C. The initial discharge/charge capacity at 0.2 C is 1294/891 mAh g 21 and the reversible capacity after 30 cycles is 899 mAh g
21
. The capacity decreases with the current rate increasing from 0.2 C to an extremely high rate of 50 C. Although there is hysteresis in the first discharge capacity of each rate due to the diffusion hysteresis, stable capacities could be quickly retained during the subsequent cycles at each rate. The reversible capacity of the last cycle at 0.5 C, 1 C, 2 C, 5 C, 10 C, 20 C, and 50 C in the first turn is 822, 750, 668, 552, 462, 354, and 178 mAh g 21 , respectively. When the current rate was dramatically set back to 0.2 C from 50 C, a reversible capacity of 946 mAh g 21 (the 120 th cycle) can still be obtained. Impressively, when successively subjected to the second turn of rate capability measurement, the Fe 2 O 3 nanomembrane electrode exhibits excellent capacity retention with almost the similar capacity in the first turn, demonstrating the repeatable high rate capability. Even after two turns of rate capability measurements up to 50 C, the electrode can still keep a stable cycling at 0.2 C with the reversible capacity of 927 mAh g 21 after 230 cycles, which indicates the good stability and reversibility of the Fe 2 O 3 nanomembrane electrode.
Figure 5c and 5d respectively shows the representative discharge/ charge voltage curves and their corresponding differential specific capacity versus voltage plots of the last cycle at various rates in the first turn of rate capability measurement. Although the charge voltage curve of 50 C nearly becomes a straight line at such a fast cycling rate, the profile of the voltage curves from 0.2 C to 20 C exhibits a similar shape. With the current rate increasing, the overpotential becomes higher with the lower discharge and higher charge potential of the plateaus (or slopes) (Fig. 5c) ; the electrode polarization also becomes more severe with the negatively-shifted cathodic peaks and the positively-shifted anodic peaks (Fig. 5d) . The higher overpotential and the severe polarization indicates that the reduction/oxidation reaction proceeds more difficultly at much higher rates, as confirmed by the weakened reduction/oxidation plateaus (or slopes) and cathodic/anodic peaks. Because of the difficult solid-state diffusion at higher rates, the pseudo-capacitance becomes even prominent especially at 50 C under the fast surface kinetics.
Discussion
The Fe 2 O 3 nanomembrane electrodes in this work demonstrate ultra-long and stable cycling life at high rates with satisfactory capacity (808 mAh g 21 after 1000 cycles at 2 C and 530 mAh g 21 after 3000 cycles at 6 C) as well as high rate capability up to 50 C with the capacity of 178 mAh g 21 . There are several reasons responsible for the excellent electrochemical performance. As mentioned in the introduction, nanostructures for applications in LIBs have large electrode/electrolyte surface contact area for interfacial storage, nanosized diffusion paths for Li 1 , and better alleviation of volume expansion during cycling. Like other forms of nanostructured Fe 2 O 3 , the Fe 2 O 3 nanomembranes also have these common structural merits of nanostructures. However, the excellent electrochemical performance is preferably believed to benefit more from the structural advantages of the two-dimensional nanomembranes. The unique mechanical feature of the nanomembranes to wrinkle and bend can effectively buffer the strain of lithiation/delithiation, which can be evidenced by the SEM images of the Fe 2 O 3 nanomembranes before and after cycling at 2 C. Before cycling, the parallel-laid planar nanomembranes can be seen from Supplementary Fig. S4a and S4b with the thickness of about 103 , 165 nm. After the first cycle ( Supplementary Fig. S4c and S4d) , most of the nanomembranes are still relatively planar with increased thickness of ,224 nm due to the SEI layer formation. After 250 cycles ( Supplementary Fig. S4e and S4f), although much wrinkled under the strain of repeated lithiation/delithiation, the thickened nanomembranes (thickness of ,302 nm) with thicker SEI layer still maintain the layer structure with high integrity instead of pulverization. The good mechanical stability enables the nanomembranes to extend the cycling life by postponing pulverization. In addition, the nanomembranes can provide two-dimensional transport pathways in between the layers to promote the pseudo-capacitive type storage 9 . Therefore, once the SEI layer and the polymeric gel-like film are formed, the parallel-laid nanomembranes with the electrolyte filled in between the layers electrochemically act like numerous ''mini-capacitors'' to provide excess capacity in the form of the pseudo-capacitance. At high current rate with difficult solid-state diffusion of Li 1 , the pseudo-capacitance will be more prominent to maintain the capacity thus enabling the long cycling life. This contribution shows great potential of 2D nanomembrane structured electrode materials in extending the cycling life and improving rate capability for high power batteries.
Methods
Fabrication of free-standing Fe 2 O 3 nanomembranes. The free-standing Fe 2 O 3 nanomembranes are fabricated by a peel-off strategy with Al 2 O 3 film as sacrificial layer together with thermal treatment. Typically, a 100 nm Al 2 O 3 film as sacrificial layer and a 50 nm Fe nanomembrane were sequentially deposited onto the glass slide substrate by e-beam deposition (BOC Edwards FL400) with bulk Fe source (Kurt J. Lesker). The thickness of the deposited film was controlled by a quartz crystal microbalance, and the tooling factor was calibrated by depositing a 200 nm film, the actual thickness of which was then measured by a Profilometer Dektak XT (Brucker). Free-standing Fe nanomembranes were obtained by etching away the Al 2 O 3 sacrificial layer with 4 mol L 21 NaOH aqueous solution (100 uC) 49 . The Fe nanomembranes were then repeatedly filtered and washed with distilled water, ethanol, and acetone for several times respectively, and then dried in a critical point dryer (CPD). Finally, the Fe 2 O 3 nanomembranes were obtain by annealing the Fe nanomembranes in a muffle furnace at 450 uC for 3 h in atmosphere.
Characterizations. The morphology of the free-standing Fe 2 O 3 nanomembranes was inspected by scanning electron microscopy (SEM) DSM 982, Zeiss. Focused ion beam (FIB) etching for thickness measurements was performed by a scanning electron microscopy (SEM) NVision 40 CrossBeam, Carl Zeiss. The crystallinity and composition of the sample were determined by X-ray diffraction (XRD) diffractometer, PANalytical X'Pert PRO Diffraction, Co-Ka radiation, reflection geometry. Raman spectroscopy (Renishaw) was performed at a 442 nm wavelength to identify the composition. The oxidation state of the sample was identified by X-ray photoelectron spectroscopy (PHI 5600 CI, using monochromatic Al-Ka radiation for excitation, 350 W). The microstructure and lattice fringes were observed with HAADF-STEM, FEI Titan ChemiSTEM 80-200.
Electrochemical measurements. Electrochemical measurements were performed with two-electrode Swagelok-type half-cells assembled in an Ar-filled glove box (H 2 O, O 2 ,0.1 ppm, Mbraun, Germany). To prepare the working electrodes, the Fe 2 O 3 nanomembranes were mixed and ground with conductive additive carbon black (Timcal) and sodium alginate (Aldrich) binder at a weight ratio of 75251 in water, and then the obtained paste was coated onto a Cu foil (Goodfellow) current collector and finally dried at 60 uC for 10 h in vacuum oven. The areal density of the active electrode material in the electrodes was determined to be 0.59 , 0.63 mg cm
22
. The electrode plate was punched into several discs with w510 mm for batteries assembly. The battery was assembled with a punched electrode disc as the working electrode, a Li foil (w510 mm) as the counter/reference electrode, a glass fiber membrane (Whatman) as the separator, and the solution of 1 mol L 21 LiPF 6 in ethylene carbonate/dimethyl carbonate/diethyl carbonate (15151, wt. %, Merck) including 2 vol. % vinylene carbonate (Merck) additive as the electrolyte. Galvanostatic discharge/charge cycling was performed with a multichannel battery testing system (Arbin BT 2000) within 0.01 , 3.0 V vs. Li/Li 1 at different current densities. The cyclic voltammetry (CV) at a scan rate of 0.1 mV s 21 within 0.003 , 3.0 V vs. Li/Li 1 as well as the electrochemical impedance spectra (EIS) from 100 kHz to 500 mHz with a perturbation voltage of 10 mV were performed on Zahner electrochemical workstation (IM6) at room temperature.
